1. Introduction {#sec1}
===============

Hydrogen peroxide (H~2~O~2~) is a very important compound involved in a great number of oxidative physiological processes \[[@bib1], [@bib2]\]. This molecule, the superoxide anion (O^2-^) and the hydroxyl radical (•OH) are commonly known as free radicals and form a class of compounds called Reactive Oxygen Species (ROS).

A simple definition of free radicals was provided by Halliwell & Gutteridge, which defined them as molecules or molecular fragments containing one or more unpaired electrons in atomic or molecular orbitals \[[@bib3]\]. This unpaired electron(s) usually gives an important degree of reactivity to the free radical.

A great part of the total ROS amount in our organism is produced in mitochondria as a result of the cellular respiration process \[[@bib4]\]. In a healthy subject, it is estimated that the emission of ROS accounts for \~ 2% of the total oxygen spent by mitochondria \[[@bib5]\]. Despite being very reactive, ROS produced by metabolism in physiological conditions are properly removed by our body. This process is called ROS homeostasis \[[@bib6]\].

H~2~O~2~ is also a contaminant in many food \[[@bib7]\], pharmaceutical \[[@bib8]\] and environmental \[[@bib9]\] processes. If this contaminant H~2~O~2~ is introduced into our organism, it cannot efficiently be removed by the ROS homeostasis process \[[@bib10]\]. As a consequence, H~2~O~2~ excesses can lead to a pathological condition known as oxidative stress \[[@bib11], [@bib12]\], which can damage cellular lipids \[[@bib13]\], proteins \[[@bib14]\] or DNA \[[@bib15]\].

In this context, the detection of H~2~O~2~ that contaminates commonly used substances represents an important target of clinical and industrial research. Classical methods for the detection of H~2~O~2~ such as fluorimetry \[[@bib16]\] and titrimetry \[[@bib17]\] have notorious drawbacks because they are time-consuming and expensive.

The advent of nanotechnologies has brought to alternative methods to sense H~2~O~2~, which take advantage from the unusual properties typical of the nanometric scale \[[@bib18], [@bib19]\]. These new methods allow reducing time analysis and costs considerably.

In recent years, the attention of the scientific community has been focusing in the use of silver nanoparticles (AgNP) to create sensors for hydrogen peroxide \[[@bib20], [@bib21]\] and in particular, AgNP for colorimetric sensors \[[@bib22], [@bib23]\]. In these devices, the analyte interaction with nanoparticles produces an absorbance variation that is proportional to its concentration. The phenomenon that causes this variation in absorbance is the Localized Surface Plasmon Resonance (LSPR). Nanoparticles are zero dimensional systems, in which electrons cannot freely move \[[@bib24]\]. Therefore, electrons can be excited by a radiation of appropriate wavelength, giving rise to a collective oscillation known as Localized Surface Plasmon (LSP). These oscillations are closely related to the material of nanostructures, to their geometric properties (size, shape, density) and to the environment, in which they are immersed. In this way, a change in the solution in contact with the nanoparticles can be easily monitored, inducing LSPR excitation with a spectrophotometer \[[@bib25], [@bib26]\].

Previous studies in literature showed LSPR based optical sensor, using polymer coated silver nanoparticles \[[@bib27]\]. For example, Gavrilenko *et al.* showed the development of a colorimetric sensor based on silver nanoparticles embedded in a polymethacrylate matrix for the detection of hydrogen peroxide \[[@bib28]\].

The aim of our work was the realization of a low-cost colorimetric sensor for H~2~O~2~ based on a colloidal solution of silver nanoparticles coated with poly(methyl methacrylate) (PMMA).

PMMA is an amorphous polymer that belongs to the acrylate family. It owns very good optical properties \[[@bib29]\] and a good degree of compatibility with human tissues \[[@bib30]\]. Thanks to its high biocompatibility, PMMA is one of the most appreciated polymers for the realization of biomedical devices.

This polymer can also interact with metal nanoparticles, for example silver ones, improving their material properties. Among them, those that could be improved are mechanical strength, solubility and optical properties \[[@bib31]\].

There are several attempts to synthetize silver nanoparticles embedded in PMMA. In these methods, silver ions are usually added to the polymer matrix and reduced to zero valent state by a heat treatment or by a reducing agent \[[@bib32], [@bib33], [@bib34]\]. The substances that reduce silver ions in polymer matrix include toxic reagents like dimethylformamide (DMF), hydrazine and sodium borohydride \[[@bib35], [@bib36], [@bib37]\].

In our work, we have obtained an aqueous colloidal solution of silver nanoparticles using PMMA as both capping and reducing agent. To the best of our knowledge there are no similar works reported in literature.

This study was conducted in two phases. In the first phase, silver nanoparticles coated with PMMA were synthetized by a method based on a thermal treatment of an aqueous solution containing small sheets of PMMA and silver nitrate. These nanoparticles were analyzed using UV--Vis spectrophotometry and transmission electron microscopy (TEM). In the second phase, it was realized a LSPR-based hydrogen peroxide sensor. The selectivity of the sensor was evaluated by testing other molecules such as acetone, ethanol and ammonia.

2. Experimental {#sec2}
===============

2.1. Materials {#sec2.1}
--------------

Silver nitrate (AgNO~3~, 99 %) was purchased from Sigma Aldrich while PMMA sheets (sized to: w = 1 cm; h = 2,5 cm; thickness 0,07 cm) were purchased from GoodFellow (ME303004) and used for the synthesis of silver nanoparticles coated with poly(methyl methacrylate). Hydrogen peroxide 30 % (v/v), acetone 99 % (v/v), ethanol 99 % (v/v), ammonia 30 % (v/v) as analytes were purchased from Sigma-Aldrich.

Deionized water was obtained by a Zener Up 900 (Human Corporation) water purification system and used throughout the experiments. All PMMA sheets were washed by ultrasonication in ethanol for 3 min and then dried with a nitrogen spray gun prior to use.

2.2. Instruments {#sec2.2}
----------------

*Ultraviolet--Visible spectroscopy*. A UV/Vis spectrophotometer model T80 (Pg Instruments Ltd) was employed to study: a) the optical characteristics of the AgNP-PMMA colloidal solution by recording its absorbance in the range between 300 and 800 nm; b) the sensor response to different concentrations of various analytes. These measurements were carried out for each analyte by monitoring the absorbance variation with time (30 min) at 416 nm; c) the release of MMA monomers into the water solution used for the heat treatment of PMMA by measuring its absorption spectra in a range between 190 and 350 nm; d) the change in the optical characteristics of a PMMA sheet by recording its UV-Vis spectra before and after the thermal treatment.

*Transmission Electron microscopy*. TEM images and electron diffraction patterns were taken using an Hitachi 7700 transmission electron microscope operated at 100 kV. This acceleration voltage was settled to obtain a sufficient resolution and minimal radiation damage of the material. Specimens for TEM observations was prepared by drop-casting of freshly solutions containing Ag-PMMA nanoparticles onto standard carbon supported 600-mesh copper grid and drying slowly in air naturally.

2.3. Synthesis of silver nanoparticles coated with PMMA {#sec2.3}
-------------------------------------------------------

In a typical synthesis, two PMMA sheets (0.6 g) are immerged into 10 mL of deionized water and heated to 90 °C for 1 h under magnetic stirring (SOL-A). The amount of PMMA has been optimized to obtain the largest amount of silver nanoparticles and to improve the stability of the solution over time.

An aqueous solution of silver nitrate (0.2 mM) was prepared and heated to 90 °C (SOL-B). After removing the PMMA sheets from SOL-A, 10 mL of SOL-B was added. The mixture was maintained at 90 °C for 1 h under vigorous stirring. In these conditions, the solution gradually changed from transparent to a pale yellow color.

3. Results and discussions {#sec3}
==========================

3.1. Formation of silver nanoparticles capped with PMMA {#sec3.1}
-------------------------------------------------------

In the synthesis process of silver nanoparticles from AgNO~3,~ it is essential the reduction of Ag^+^ to Ag^0^. In order to meet this request, it is necessary the use of a reducing agent \[[@bib38]\]. Excluding silver nitrate, we had only two compounds in our reaction mixture: PMMA and water. As regards water, it is well-known that it does not own enough reducing power to induce the formation of silver nanoparticles.

Thus, the only reagent in our solution that was able to reduce silver nitrate is PMMA. The question then arisen on how this was achieved. We supposed the involvement of methyl metacrylate (MMA) spontaneous thermal polymerization process in order to provide an explanation.

Before supplying a scheme on how this process could induce the formation of silver nanoparticles, it is necessary to give some clarifications. First, it will be described how the MMA becomes available in our solution and then how it can spontaneously polymerize in our reaction mixture.

MMA is the monomer that forms PMMA. It is well-known that PMMA presents residual monomers of MMA that have not joined in the formation of the polymer. Such monomers can be released by the PMMA if it is immersed in water for a certain period of time \[[@bib39], [@bib40], [@bib41]\].

In order to verify that our PMMA sheets released MMA monomers in water, we analyzed the aqueous solution resulting from the heat treatment of PMMA with a spectrophotometer. The recorded spectrum ([Fig. 1](#fig1){ref-type="fig"}a) shows an absorption peak around 205 nm, which according to the studies of Lamb et al. is typical of MMA \[[@bib42]\]. This experimental datum allowed us to assume that the heat treatment of PMMA with hot water induced a structural modification of the polymer, which facilitated the release of its residual MMA monomers.Fig. 1UV-Vis spectra before and after the heat treatment of: a the aqueous solution containing the PMMA sheets; b the PMMA sheet.Fig. 1

In this respect, Devlin et al. showed that PMMA was capable of absorbing water molecules and that this phenomenon was much more evident when the water temperature is higher. This water absorption was responsible for the occurrence in the polymer of areas with different optical properties (plasticization) \[[@bib43]\]. According to Devlin et al., the "plasticization" was due to the action of hot water by inducing molecular fragmentation and cavitation in the structure of the polymer.

By observing our PMMA sheets after the thermal treatment, we indeed noticed a plasticization-like effect. PMMA sheets appeared more opaque than the initial condition. This change in optical properties was also confirmed from the spectrophotometric analysis of PMMA sheets before and after the heat treatment. As shown in [Fig. 1](#fig1){ref-type="fig"}b, the thermal treatment make the PMMA more transparent to UV light. This left us to suppose that our PMMA sheets were also able to absorb water and as a result, the polymer altered its structural integrity.

In accordance with the studies of Devlin et al. about the water absorption by PMMA, we proceeded to weigh our PMMA sheets before and after the heat treatment. PMMA sheets showed an increase in weight of about 0.5% (from 0.6 g) that confirms the PMMA ability to absorb water.

All results confirmed that PMMA suffered structural integrity losses because of hot water treatment. Therefore, it was reasonable to think that this was the cause of the release in water of the MMA monomers contained in the polymer.

Realizing that PMMA could lose MMA in water, we should explain how these monomers could polymerize in our reaction mixture without the addition of any initiator. As it is known, the main reaction steps of this process are initiation, propagation and termination. Initiation consists in the formation of a radical from a monomer molecule so that it starts the polymerization process. Stickler et al. showed that MMA could spontaneously polymerize in this regard (Spontaneous Thermal Polymerization) \[[@bib44]\]. They also proved that the conversion rate of MMA into PMMA was greater if the reaction environment had both a temperature around 100 °C and low oxygen levels. This condition also occurred in our reaction so we presumed that our MMA monomers spontaneous reacted to form a dimer-radical ([Scheme 1](#sch1){ref-type="fig"}, reaction 1).Scheme 1Proposed mechanism for the formation of AgNP-PMMA during the spontaneous thermal polymerization of MMA.Scheme 1

Propagation is the reaction of a dimer-radical with a MMA molecule. This reaction allowed to increase the length of the polymer through the addition of the monomer, forming a macro-radical ([Scheme 1](#sch1){ref-type="fig"}, reaction 2). A reaction, which competes with propagation and takes place during MMA polymerization, is that of chain transfer. In this reaction, a radical might abstract a hydrogen atom from a polymer molecule. From this reaction, we could therefore assume that instantaneously a hydrogen radical was formed ([Scheme 1](#sch1){ref-type="fig"}, reaction 3).

As concerns silver, according to previous studies reported in literature \[[@bib45], [@bib46]\], the Ag^+^ cations produced from the dissociation of AgNO~3~ might coordinate with the oxygen atoms of PMMA ([Scheme 1](#sch1){ref-type="fig"}, reaction 4). Afterwards, Ag^+^ was reduced to atomic silver by the hydrogen radicals formed from the chain transfer reaction ([Scheme 1](#sch1){ref-type="fig"}, reaction 5). Finally, silver produced aggregates to form Ag nanoparticles capped with PMMA ([Scheme 1](#sch1){ref-type="fig"}, reaction 6). The PMMA constituent prevented precipitation and further aggregation of AgNPs, while it stabilized and protected them through its carboxylate functional groups. The properties of the AgNP-PMMA were analyzed using UV--Vis spectrometry and TEM.

3.2. Optical and structural characterization of AgNP--PMMA solution {#sec3.2}
-------------------------------------------------------------------

UV--Vis spectrophotometry was used to study the optical characteristics of the AgNP-PMMA solution because silver nanostructures with different shapes exhibited Localized Surface Plasmon Resonance (LSPR) bands at different frequencies \[[@bib47]\]. In [Fig. 2](#fig2){ref-type="fig"}, a broad peak in the 350--500 nm spectral range is clearly visible with a maximum at 416 nm. This was due to surface SPR of electrons in the conduction bands of silver and indicated the formation of a colloidal solution with silver nanoparticles of nanometer-size dimensions.Fig. 2UV-Vis spectra of AgNP-PMMA solution fresh and after one month.Fig. 2

We measured its absorption spectrum after one month, in order to test the solution stability. The spectrum remained unchanged as shown in [Fig. 2](#fig2){ref-type="fig"}, proving that PMMA prevented precipitation and further aggregation of silver nanoparticles.

The formation of silver nanoparticles was also confirmed by TEM image. The size, shape and morphology of the synthesized Ag nanoparticles were also characterized by TEM.

[Fig. 3](#fig3){ref-type="fig"}a shows a typical light field image obtained from the colloidal solution. Digitized TEM images were acquired from 20 randomly selected fields and processed with Digital Micrograph, a Gatan software, in order to determine the size of the nanoparticles. The distribution of the corresponding particle size is plotted in the histogram shown in [Fig. 3](#fig3){ref-type="fig"}b and, as evidenced, is not perfectly Gaussian. This event was due to the presence of large nanoparticles.Fig. 3(a) TEM image of the AgNP-PMMA colloidal solution; (b) Distribution size of AgNP-PMMA; c Enlargement of the nanoparticle in [Fig. 3](#fig3){ref-type="fig"}a.Fig. 3

Finally, [Fig. 3](#fig3){ref-type="fig"}c shows an enlargement of a single nanoparticle. As one can see, the nanoparticle has a "crown" and is reasonable to think that it was due to PMMA capping.

The synthesized nanoparticles had an average size of 16 nm and a standard deviation of 8 nm. Furthermore, the nanoparticles had an isotropic morphology: they were approximately spherical. Electron diffraction patterns had pointed out the crystalline nature of the Ag nanoparticles. A typical selected-area electron diffraction (SAED) pattern, recorded on the areas shown in [Fig. 3](#fig3){ref-type="fig"}a, is presented in [Fig. 4](#fig4){ref-type="fig"}a and presents well-defined diffraction rings, a typical feature of random arrangement of nanocrystals. The diffraction profile superimposed to SAED pattern was obtained by software PASAD-tools through azimuthal integration. The line profile might be indexed, according to the fcc structure of Ag (JCPDS cards 4--0783) \[Joint Committee for Powder Diffraction Standards, JCPDS, Card No. 04--0783\]: the five peak (labeled 1, 2, 3, 4 and 5) correspond to (111), (200), (220), (311), and (222) allowed reflection respectively.Fig. 4(a) Diffraction ring showed by an AgNP-PMMA, (b) Williamson-Hall plot obtained from the electron diffraction profile.Fig. 4

The peak broadening caused by reduced size of nanocrystals and residual strain can be interpreted according to Williamson-Hall model \[[@bib48]\]. The theory, developed for X-ray diffraction, can be modified to electronic diffraction \[[@bib49]\]:$$\Delta\frac{1}{d_{hkl}} = \ \frac{2K}{D} + 4\varepsilon\frac{1}{d_{hkl}}$$where $\Delta\frac{1}{d_{hkl}} = \Delta W$ is the amplitude at half height of the considered peak, *D* the nanocrystal mean diameter, *K* a parameter that is considered equal to 1 for spherical crystal, *ε* the strain and $d_{hkl}$ the interplanar spacing of the lattice plane that gave rise to the considered peak.

[Fig. 4](#fig4){ref-type="fig"}b shows the modified Williamson-Hall plot obtained from the electron diffraction profile. Δ*W* determined by PASAD software was plotted as a function of$\ d_{hkl}$.

*D* and *ε* can be determined by the intercept and the slope of the straight line interpolating the experimental points. In our case D = (17 ± 2) nm and ε = (1.2 ± 0.5) ^.^10^−3^.

3.3. Evaluation of AgNP-PMMA solution as hydrogen peroxide sensor {#sec3.3}
-----------------------------------------------------------------

We analyzed the response of the AgNP--PMMA solution to hydrogen peroxide, but also to other molecules, such as acetone, ammonia and ethanol, in order to test that it was more sensitive to H~2~O~2~.

Each test was conducted in the same way for each analyte. 1 mL of the AgNP-PMMA solution was put in different cuvettes and in each of them, it was added a different concentration of the same analyte from 10^−6^ to 10^−1^ M. The response of the AgNP-PMMA solution to each analyte was evaluated by monitoring the absorbance of the solution every minute for 30 min at a fixed wavelength of 416 nm. It was chosen this wavelength because it corresponded to the absorbance maximum of the AgNP-PMMA solution spectra. The absorbance values registered (Abs) was normalized dividing them for the absorbance value recorded before adding the analyte for each cuvette (Abs~0~).

The change of normalized absorbance over time for all the analytes is reported in [Fig. 5](#fig5){ref-type="fig"}. As shown, the highest absorbance variation was registered for H~2~O~2~ at concentration higher or equal to 10^−4^ M. This event was due to the catalytic ability of silver that induces the decomposition of H~2~O~2~ by oxidizing itself to Ag^+^ ions \[[@bib50], [@bib51]\].Fig. 5Variation of the absorbance over time for different analytes: (a) hydrogen peroxide; (b) acetone; (c) ammonia; (d) ethanol.Fig. 5

This ability was visually verifiable for H~2~O~2~ with the change in the color of the solution from pale yellow to transparent ([Fig. 6](#fig6){ref-type="fig"}).Fig. 6AgNP--PMMA solution before and after adding H~2~O~2~.Fig. 6

On the other hand, acetone, ammonia and ethanol showed a weak response only at the highest concentrations (10^−1^ M).

We also reported the average absorbance in relation to its concentration between 10^−6^ and 10^−1^ M, in order to appreciate more the sensor response for each analytes ([Fig. 7](#fig7){ref-type="fig"}).Fig. 7Relationship between the average of absorbance values and the concentration for all investigated analytes.Fig. 7

The detection limit of the sensor realized in this work is 10-6 M. This result is appreciable as can be seen from the comparison with other works in the literature ([Table 1](#tbl1){ref-type="table"}).Table 1Comparison between the detection limit of our sensor and that of other jobs.Table 1AuthorsL.O.D \[M\]Type of sensor*Our Work*10^--6^Optical*Moozarm Nia et al., 2015* \[[@bib52]\]5·10^−5^Optical*Shu et al., 2007* \[[@bib53]\]10^--6^Optical*Lin et al., 2005* \[[@bib54]\]7.6·10^−6^Optical*Cui, Kang et al., 2008* \[[@bib55]\]1.7·10^−6^Electrochemical*Zhao et al., 2009* \[[@bib56]\]1.2·10^−6^Electrochemical

4. Conclusion {#sec4}
=============

In the present work, we proposed a simple method for the synthesis of AgNP-PMMA. We studied the formation of nanoparticles using UV-Vis spectrometer, measured nanoparticle size and their size distribution using TEM technique and confirmed the crystalline nature of formed nanoparticles using SAED patterns.

The Ag-PMMA nanoparticles were stable and did not show any aggregation even after one month. It was demonstrated that our silver-based sensor response increased with the increasing concentration of hydrogen peroxide. Therefore, the others analytes did not show an appreciable response except for higher concentration, proving that our optical sensor is more sensitive to H~2~O~2~.

Many measurements often use natural enzymes to sense hydrogen peroxide. However, these enzymic colorimetric methods became expensive when used for a large amount of samples \[[@bib57]\]. In comparison, our colorimetric sensor can be realized through a simple chemical route and used as a simple and fast sensor that can be applied in medical and environmental field.
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